be measured in urine. The latter 3 metabolites may all be elevated in SCADD, although to different extents.
The diagnosis of SCADD may be confirmed by enzyme activity measurements in muscle, fibroblasts and/or lymphocytes, and by DNA studies. [1] [2] [3] [4] [5] [6] [8] [9] [10] [11] [12] [13] Enzyme analysis in fibroblasts and lymphocytes, however, demonstrated a remarkably high residual SCAD activity in several individuals with SCADD. 4, 10, 13 Furthermore, SCAD activity measurements in fibroblasts and lymphocytes gave inconsistent results. 6, 7 Although the enzyme assay might be more reliable when performed in muscle biopsy specimens, 10 this approach is generally considered too invasive for routine testing for SCADD. As consistent and significant low enzyme activity will probably be found in patients who are homozygous for an inactivating mutation only, 10 DNA analysis appears to be preferable to confirm the diagnosis of SCADD.
The SCAD encoding gene, ACADS, has been localized to the terminal region of the long arm of chromosome 12, spans approximately 13 kb, and consists of 10 exons. 14 Until now, 17 different mutations have been reported in patients with SCADD. 2,3,5-7, 10, 11, 13, 15, 16 Two of these mutations, c.625GϾA and c. 511CϾT, are common and generally referred to as gene variants. 6, 7, [17] [18] [19] They are, in contrast to polymorphisms, considered to confer susceptibility for clinical disease. 6, 18 The majority of SCADD patients are homozygotes or compound heterozygotes for 1 or 2 of the common SCAD gene variants, or for a combination of these SCAD gene variants with a mutation. 2, 3, [5] [6] [7] 11, 16 These SCAD gene variants have been found in the general population with a prevalence of homozygosity and heterozygosity of approximately 0.3% and 5.6% for the c.511CϾT and 5.5% and 31.3% for the c.625GϾA variant, respectively. 17, 18 Assuming Hardy-Weinberg equilibrium, the allele frequency based on the prevalence of homozygotes is 5.5% for the c.511CϾT and 23.5% for the c.625GϾA variant, respectively. Both gene variants are considered to play a modifying role in the pathogenesis of clinical SCADD, by conferring susceptibility for clinical disease. 6, 20 Corydon et al 6 postulated that certain genetic, cellular, and environmental factors are involved in reducing the catalytic activity of these variant enzymes below a critical threshold, leading to the onset of clinical symptoms. Gregersen et al suggested a role for chaperone-assisted folding and quality control in this regard. 21, 22 The presence of only these gene variants on both alleles of the ACADS gene might also represent a nondisease, however, only predisposing to certain biochemical characteristics but not to clinical symptoms. 18 SCADD appears to be a rare disorder, because until now only 22 genetically confirmed cases have been reported in the literature. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] 15, 16 However, the potential role of the common gene variants in the development of clinical SCADD suggested a higher incidence of SCADD. 6, 18 Apart from the case report of 1 patient who appeared to benefit from riboflavin therapy, 16 the efficacy of this or other treatments has, to our knowledge, never been systematically studied in a group of SCADD patients. Riboflavin is the precursor of flavin adenine dinucleotide (FAD), and FAD functions as a cofactor for SCAD.
With the development of electrospray tandem mass spectrometry, many countries worldwide recently have expanded their newborn screening program or are preparing to do so in the near future. In the Netherlands, SCADD is not screened for, but screening for SCADD has become part of newborn screening programs in 35 of 51 states in the United States and most Australian states. [23] [24] [25] However, there is no evidence indicating that early detection of SCADD is clinically useful. 24 Doubts about the indication for screening for SCADD have been expressed by the Newborn Screening Expert Group of the American College of Medical Genetics, acknowledging the lack of evidence related to the availability of a treatment and a poorly understood natural history. 26, 27 With the evolu-tion of newborn screening, 3 policy documents have influenced newborn screening programs. 28 The latest one, the selection criteria for screening by Frankenburg, 29 was published in 1974 and provides 8 criteria based on the report by Wilson and Jungner. 30 The first 3 criteria state that (1) the disease or condition screened for should be serious or potentially serious, (2) the condition should be relatively common, and (3) it must be possible to differentiate diseased from nondiseased individuals. 29 The purpose of our study was to calculate the prevalence of SCADD in the Netherlands and to document and summarize the genetic, biochemical, and clinical characteristics of the largest group of SCADD patients and their SCADD relatives published so far. Within this group, we determined the relation of genotype to biochemical as well as clinical phenotype. In addition, we used the results of our study to discuss newborn screening for SCADD.
METHODS

Patients
For this study, SCADD was defined by the presence of (1) increased C4-C level in plasma and/or increased EMA level in urine under nonstressed conditions on at least 2 occasions, in combination with (2) a mutation and/or the c.511CϾT or c.625GϾA susceptibility variants on each ACADS allele. Only SCADD patients in whom sequence analysis of all exons and flanking intronic sequences had been performed were included. Patients were included only if clinical information, including development scores and school performance as assessed by the treating physician, could be obtained. Unless a complete recovery was achieved or the patients had died, only patients who had been seen within the last year were included.
All 8 metabolic centers in the Netherlands participated in this study. Patients were identified using the SCAD DNA database from the main participating center (Academic Medical Center, Amsterdam), which is the only Dutch center where DNA analysis for SCADD is performed,andbycontactingallDutchmetabolic centers. A cross-check on missing patients was performed by consulting the Dutch Diagnosis Registration Metabolic Disorders database, a national registry of all patients diagnosed in the Dutch metabolic centers. This search did not reveal any additional SCADD patients, indicating that the complete cohort of Dutch patients meeting the inclusion criteria were available for the study.
Written informed consent to use anonymous patient information for this study was obtained from the parents and/or legal representatives of all patients participating in this study. The study was reviewed and approved by the Medical Ethics Committee of the Academic Medical Center.
Prevalence Calculation
The number of patients diagnosed from January 2003 until January 2006 was used to calculate the birth prevalence in the Netherlands. The birth rate used for this calculation was 200 000 per year (Dutch Central Bureau for Statistics).
DNA Analyses
Mutation analysis of the ACADS gene was performed by sequence analysis of all exons and flanking intronic sequences amplified by polymerase chain reaction from genomic DNA isolated from either fibroblasts or lymphocytes from the patients. Details on primer composition and polymerase chain reaction conditions are available on request. In case of newly identified mutations, sequence analysis of 100 control alleles was performed to rule out the possibility of a polymorphism. Based on their genotype, we divided the patients into 3 groups: mutation/mutation, mutation/variant, and variant/variant.
Biochemistry
The level of EMA in urine was analyzed by gas chromatography/mass spectrometry of its methoxime/ trimethylsilyl derivative as part of the organic acid analyses. It was considered to be increased in cases where the concentrations were 15 µmol/mmol or more of creatinine for children younger than 2 years and 8 µmol/mmol or more of creatinine for children aged 2 years or older.
The level of C4-C in blood was determined as its butyl ester using electrospray tandem mass spectrometry as part of the acylcarnitine analyses. 31 The C4-C concentration was quantitated by signal comparison with 2 H 3 -C 3 -carnitine as an internal standard. Reference ranges consisted of the 95th percentile obtained. In this way, an upper reference range of 0.58 µmol/L was defined.
Clinical Signs and Symptoms, Patient Characteristics, and Applied Treatment
Information about the patients and the applied treatment was obtained by interviewing the physician of each patient and/or by reviewing the medical charts. Age at first presentation, country of ancestry, symptoms, developmental scores, school performance, clinical course, and applied treatment were summarized. The country of ancestry was used to study potential founder effects. Developmental delay was defined as severe if the IQ was measured or estimated to be lower than 50 or if there was more than 50% delay in developmental milestones. Epilepsy was defined as severe in the case of persistent seizures that were refractory to drugs. Behavioral disorders were classified as severe when they resulted in the impossibility of attending a regular school or having social contacts. Hypoglycemia was defined as measured blood glucose concentrations of 45 mg/dL (2.5 mmol/L) or less or 46 to 63 mg/dL (2.6-3.5 mmol/L) in combination with hypoglycemic symptoms, and was classified as severe if glucose concentrations were 27 mg/dL (1.5 mmol/L) or less.
Family Studies
Parents of patients seen in one of the participating centers (Academic Medical Center, Amsterdam) were asked to participate in SCAD DNA studies and, if relevant, also to include their other children. The DNA analyses were performed for 37 relatives (20 parents and 17 sibs) of 10 patients. Biochemical analyses were performed for relatives with an ACADS genotype identical to the proband. Relatives were labeled as having SCADD when they carried the same ACADS genotype as the proband and had increased levels of C4-C and/or EMA. If a parent of a proband was determined as having SCADD, clinical information was obtained from this parent and, if available, from his/her parents.
Genotype to Phenotype Relation
Results of biochemical studies were used to explore the relation between genotype and biochemical phenotype. Results of clinical studies were used to explore the relation between genotype and clinical phenotype.
Statistical Analysis
The Mann-Whitney test was used to compare genotypes, expressed as an ordinal scale, in patients with and without specific clinical symptoms, ie, developmental delay, epilepsy, and behavioral disturbances. The Kruskal-Wallis test was used to compare the biochemical results and the percentage of patients with severe, complicated, and uncomplicated symptoms in the 3 different genotype groups. The level of significance was set at PϽ.05. Analyses were done using Graphpad Prism 3.0 and SPSS 12.0.1 (SSPS Inc, Chicago, Ill) software.
RESULTS
Patients
Thirty-one patients who were diagnosed with SCADD in the Netherlands between January 1987 and January 2006 were included in this study.
Calculated Prevalence
The majority of patients (n=25) developed symptoms in the first 3 years of life. Twelve (40%) of the patients included in this study were diagnosed in the Netherlands in the past 3 years. This implies that at least 4 new SCADD patients are born each year in the Netherlands, resulting in a birth-prevalence of at least 1:50 000 (95% confidence interval [CI], 1:29 000-1:87 000).
Genotype
All patients and their genotypes are presented in TABLE 1. In total, 12 different mutations and 2 variants were identified in the Dutch patient group, including 7 mutations that have not been reported previously. Of the newly identified mutations, 5 were missense, 1 was nonsense, and 1 affected splicing. Sequence analysis of 100 control alleles did not reveal any of these mutations. The most common mutation was the c.1058CϾT mutation, found in 8 patients of Dutch ancestry (Table 1 and TABLE 2) .
Biochemistry
The EMA values under nonstressed conditions ranged from near normal values to greater than 400 µmol/mmol of creatinine. The C4-C values ranged from normal values to greater than 4 µmol/L ( Table 1) .
Clinical Signs and Symptoms, Patient Characteristics, and Applied Treatment
Patients presented with a variety of clinical signs and symptoms. Most frequently encountered signs and symptoms were developmental delay (n=16), which was nonsevere in the majority of patients (n=15), epilepsy (n=11, nonsevere in all), behavioral disorders (n=8, nonsevere in 5), and hypoglyce- noses, which were considered to be a more likely cause of the signs and symptoms, were made in 2 of them (patients 17 and 23, Table 2 ). Overall, 7 patients (patients 1 and 2 in the mutation/ mutation group; patients 14 and 16 in the mutation/variant group; patients 27, 29, and 31 in the variant/variant group) had 3 or more different symptoms recorded. An additional diagnosis that was considered to be a more likely cause of the clinical signs and symptoms was made in 2 patients (patients 1 and 16, Table 2 ). There were 19 patients who had 
Family Studies
Of the 37 relatives (20 parents and 17 siblings) tested, 9 relatives (a parent of patients 4, 5, and 21, and a sibling of patients 2, 3, 5, and 21, and 2 siblings of patient 14) were found to have a AC-ADS genotype identical to the proband. Except for the father of patient 21 (variant/variant group) all relatives were found to have increased levels of C4-C and/or EMA (TABLE 3) . Eight of the 9 relatives had no clinical symptoms. The only one with symptoms was a sibling of patient 3 (mutation/mutation group), who had transient food refusal in her first year of life.
Genotype to Phenotype Relation
The EMA and C4-C values were highest in the 3 patients in the mutation/ mutation group, less increased in the mutation/variant group, and the lowest values were found in the patients with gene variants only. A statistically significant association between EMA as well as C4-C concentrations and the genotype (P = .002 in both) was detected (FIGURE 2) .
The genotype of the SCADD patients and SCADD relatives was not related to the nature or the severity of symptoms (Table 3 and FIGURE 3) .
COMMENT
Our study presents the largest group of SCADD patients reported so far. As extended diagnostic studies are more likely to be performed and clinical information is more likely to be available in the case of severe symptoms, our study population might represent the more severely affected SCADD patients.
Based on the number of patients diagnosed in the last 3 years, a birth prevalence for the Netherlands of at least 1:50 000 was calculated. The true prevalence may well be higher, in view of the strict inclusion criteria used in our study. Furthermore, metabolic studies are generally performed in only a minority of patients with symptoms found in SCADD, such as mild developmental delay and epilepsy. Indeed, results of newborn screening studies performed in the United States indicate a higher prevalence. Birthprevalences as high as 1:33 000 were estimated for classic SCADD, defined as SCADD with mutations on both alleles and very high C4-C levels as detected by using high cut-off levels (4-10 SD above the mean) for C4-C. 32 In the group of 31 patients reported herein, only 3 (9.7%) were found to have mutations on both alleles of the ACADS gene and are thus comparable with SCADD in its classic form. If one assumes that the prevalence of classic SCADD (mutation/mutation group) and SCADD with a mutation/variant or variant/variant genotype (nonclassic SCADD) is similar in the United States and the Netherlands, this would im-ply that the birth-prevalence of SCADD in the Netherlands, including both forms, might be approximately 10 times as high, which would result in a birthprevalence of SCADD of approximately 1:3300. This prevalence is even higher than the prevalence of phenylketonuria, which is assumed to be one of the most common inborn errors of metabolism with a birth-prevalence of 1:10 400 to 1: 4500 if all variant forms of phenylketonuria are included. 33 Our study revealed 7 newly identified ACADS gene mutations, resulting in a total number of 22 different Symptoms were defined as severe in the case of 1 or more severe symptoms, complicated in the case of 3 or more nonsevere symptoms, and uncomplicated in the case of 2 or fewer nonsevere symptoms. For nature of symptoms, there were no significant differences (P=.29 for developmental delay, P=.78 for epilepsy, P=.05 for behavioral disturbances) among the 3 genotype groups. For severity of symptoms, there was also no significant difference (P=.22) among the 3 genotype groups ( ACADS mutations, apart from the 2 ACADS gene variants, published so far (TABLE 4) . The biochemical features of patients with the newly identified missense mutations, combined with the fact that these mutations have not been observed in 100 control alleles, strongly suggests that these are inactivating mutations. The c.1058CϾT mutation was found in 8 of the 20 patients with mutations, all of Dutch ancestry, suggesting a founder effect. This mutation has been reported previously, also in a patient of Dutch ancestry. 6 Clinical signs and symptoms at presentation were highly variable, with developmental delay (nonsevere in almost all patients), epilepsy, behavioral disturbances, and hypoglycemia being the most frequently reported (Table 2 and Figure 1 ). Most patients presented with more than one of these symptoms. Except for behavioral disorders these symptoms also were frequently noted in patients reported previously. [2] [3] [4] [5] [6] [7] [8] [9] Most of the severely affected patients belonged to the variant/variant group (Table 2) , which is in line with other studies. 3, 6, 9 The overrepresentation of variant alleles in severely affected SCADD patients may be the result of a selection bias, since it is more likely that a full metabolic screening is performed in patients with severe clinical symptoms. Because approximately 6% of the general population is homozygous or compound heterozygous for the c.625GϾA and/or c.511CϾT SCAD gene variants, the apparent association between clinical symptoms and the presence of variant alleles might be coincidental. Therefore, the detection of homozygosity or compound heterozygosity for these gene variants in patients with severe clinical symptoms should not preclude a full diagnostic work-up for other potential causes of the symptoms. Further diagnostic studies in SCADD patients with either a mutation/mutation or mutation/ variant genotype also may be indicated. The importance of further studies is illustrated by patients 1, 16, 17, and 18 in whom additional diagnoses were made that are more likely to be causing the clinical symptoms. These findings, as well as the results of the family studies reported herein, demonstrate that even missense mutations can occur without any clinical significance.
The clinical course was rather similar in most patients. In general, symptoms developed early in life, which also was reported in previous studies. [2] [3] [4] [6] [7] [8] [9] [10] [11] 13, 15 Complete recovery of symptoms was reported in 9 of the 31 patients reported herein and in 8 of the 10 patients in whom outcome was reported previously, [3] [4] [5] 10, 11, 13, 16 suggesting that in a substantial number of patients, SCADD is associated with transient clinical symptoms. In our study, no consistent improvement was reported in response to riboflavin, carnitine, cornstarch, or avoidance of fasting. However, more studies are necessary to assess the effect of treatment, in particular of riboflavin therapy.
Although a significant association was found between genotype and biochemical phenotype, our study did not reveal an association between genotype and clinical features in SCADD. This finding suggests that modifying factors may be involved in the pathogenesis of clinical SCADD, as previously suggested for the c.625GϾA and c.511CϾT susceptibility alleles. 6 Our observation that SCADD is often associated with transient clinical symptoms might be related to a temporary nature of these factors. Neurological symptoms may be caused by EMA, which was found to be toxic to neu- ronal cells, and free butyrate, which may cause encephalopathy. 5, 35 During circumstances with increased demand on mitochondrial fatty acid oxidation, such as prolonged fasting, concentrations of these potential toxic metabolites may increase, resulting in reversible neurotoxicity. The relatively benign clinical course observed in many of the SCADD patients implies that SCADD does not meet the first Frankenburg screening criterion stating that the disease or condition screened for should be serious or potentially serious. 29 In addition, 7 of the 8 relatives identified in this study with an ACADS genotype identical to the proband and increased C4-C and/or EMA levels were free of symptoms. This observation also implies that it is not possible to differentiate SCADD patients from nondiseased SCADD individuals. Therefore, SCADD does not meet the third Frankenburg criterion for screening. This is in line with the observation that all 7 individuals detected by newborn screening in Australia with probable SCADD remained free of symptoms without any treatment during subsequent follow-up of 2 to 7 years (written communication, B. Wilcken, The Children's Hospital at Westmead, Westmead, Australia). Furthermore, 17 putative SCADD patients as well as 2 of the 3 patients with confirmed SCADD based on homozygous mutations, detected by newborn screening programs in the United States, did not develop any clinical symptoms during the first years of life. 2, 36 Although the results of our study suggest that SCADD is relatively common, thus meeting the second Frankenburg criterion, we believe that SCADD should not be included in neonatal screening programs at this time. Indeed, screening for SCADD may have negative consequences placing families at risk for increased stress and parent-child dysfunction. 37 However, infants already identified by SCADD newborn screening should be included in long-term follow-up studies to obtain more information to decide about the relevance of screening for SCADD.
Unfortunately, both the Wilson and Jungner and the Frankenburg criteria have limitations in the context of newborn screening using tandem mass spectrometry. 38 However, no criteria have been published since and they are still applied in the discussion on newborn screening. 28, 39 The results of a new approach for recommending conditions for newborn screening by using an expert panel recently were published by the American College of Medical Genetics. 26 In this report, SCADD was not included in the core panel of diseases for which screening is considered mandatory. SCADD was included in the group of secondary targets because it is in the differential diagnosis of a condition in the core panel and it is of clinical significance. However, the results of our study and newborn screening studies demonstrate that SCADD lacks clear clinical significance in many patients, implying that SCADD should not be included in the group of secondary targets and it does not qualify for newborn screening at this time.
This study has several limitations in addition to the underestimate of prevalence given the use of a clinically identified rather than screened population. As data were collected retrospectively, no sequential neuropsychological and motor development tests were performed. In addition, clinical information was scored by different physicians. To further elucidate the clinical spectrum of SCADD, more prospective and long-term studies, including formal neuropsychological and motor development testing, are necessary.
In summary, the results of newborn screening studies as well as our data suggest that SCADD is far more common than assumed previously. In the Dutch patient cohort, clinical symptoms are nonspecific, generally uncomplicated, often transient, and not related to the ACADS genotype. These observations, in combination with the observation that almost all relatives diagnosed with SCADD, as well as almost all individuals found by neonatal screening, remain asymptomatic, suggest that an association between symptoms and SCADD is often spurious. In some individuals carrying ACADS gene variants and/or mutations, environmental or other genetic factors may result in true SCADD-related clinical pathology. In many other individuals, however, SCADD may only be a lifelong biochemical phenomenon. Because SCADD does not meet major newborn screening criteria, it is not suited for inclusion in newborn screening programs at this time. Role of the Sponsor: The research sponsor had no role in the design and conduct of the study; collection, management, analysis and interpretation of the data; or preparation, review, or approval of the manuscript.
